Isophorone (3,5,5-trimethyl-2-cyclohexen-1-one), a monoterpene, and the structurally related 1,8-cineole and camphor, have demonstrated a protective effect against cancer, biological activity against a variety of microorganisms, and anti-oxidant properties. The derivatization of isophorone is, therefore, an important field of xenobiochemistry, pharmacology and toxicology. The aim of this study was to obtain derivatives of isophorone through microbial biotransformation and evaluate the biotransformation metabolites as potential antimicrobial agents. Incubation of isophorone with the fungi Alternaria alternata and Neurospora crassa afforded 4α-hydroxy-and 7-hydroxy-isophorone as transformation metabolites. The antimicrobial activities of isophorone and the metabolites were evaluated in vitro both by using agar dilution and microdilution methods. However, no significant antibacterial activity was observed when compared with those of standard substances.
Monoterpenes are C 10 volatile organic compounds produced mainly by plants where they represent important constituents of numerous essential oils [1] . Among them, the acyclic monoterpenes are a valuable class of compounds associated with the flavor and fragrance industries due to their high volatility and strong sensory qualities [2] . Monoterpenes are also used in many pharmaceuticals for various purposes [3] .
Isophorone, occurring naturally in cranberries [4] , is a monoterpene and one of the main ingredients of Artemisia filifolia, which also contains 1,8-cineole and camphor as major compounds. Studies have shown that the structurally related 1,8-cineole and camphor demonstrate a protective effect against cancer, biological activity against a variety of microorganisms, and anti-oxidant properties [5] . However, to the best of our knowledge, no investigation exists concerning the biological activity of isophorone.
In our continuing research directed towards the identification of new candidates that may be valuable for designing new, potent, selective and less toxic antimicrobial agents, we have studied the biotransformation of isophorone using the fungi Alternaria alternata (Fr.) Keissl. and Neurospora crassa Shear & B.O. Dodge. As a result, two mono-hydroxylated derivatives were obtained and the antimicrobial properties of isophorone and its two biotransformed metabolites were tested against various pathogens, including Acinobacter baumanii, Escherichia coli and meticillin resistant Staphylococcus aureus (MRSA), initially using agar dilution and microdilution assays.
The microbial transformation of isophorone by both N. crassa and A. alternata on an orbital shaker for twelve days resulted in the production of two polar compounds, as detected by TLC. Column chromatography of the crude material afforded 4α-hydroxy-and 7-hydroxy-isophorone ( Figure 1 ). The yields obtained were 164 (18%) and 121 mg (13%) for N. crassa and 121 (13%) and 145 mg (16%) for A. alternata, respectively. isophorone 4α-hydroxy-isophorone 7-hydroxy-isophorone The mass spectrum (EIMS) of 4α-hydroxy-isophorone showed a molecular ion at m/z 154 consistent with the molecular formula of C 9 H 14 O 2 . The IR spectrum showed a broad OH absorption at 3420 cm -1 and a CO signal at 1678 cm -1 . The 1 H NMR spectrum was similar to that of isophorone, with a new, broad proton singlet and lowfield, hydroxyl-bearing methine signals at δ H 4.03 and δ C 76.7 ppm, respectively, attributable to a CH(OH) group. This indicated that one of the methylene groups (C4 or C6) was monohydroxylated. Figure 2 ). The absolute configuration was determined by comparison of the sign of rotation between 4α-hydroxy-isophorone and the one reported by Mikami et al. [6] .
The second metabolite, identified as 7-hydroxy isophorone, displayed a molecular ion peak at m/z 154 in the EIMS, corresponding to the molecular formula of C 9 H 14 O 2 . The IR spectrum showed a broad OH and CO absorption at 3420 and 1678 cm -1 , respectively. The 1 H NMR spectrum revealed additional hydroxyl-bearing methylene protons at δ H 4.22 (s, 2H, -CH 2 OH). This was further confirmed by the 13 C NMR spectrum, which showed a hydroxy-bearing methylene signal at δ C 65. This proved the hydroxylation of a methylene carbon at C-7, C-8 or C-9. The HMBC spectrum confirmed that the metabolite was 7-hydroxy isophorone by showing correlation of proton signals at δ H 4.22 to NPC Natural Product Communications the carbon signals resonating at  C 33.6 (C-4), 122.1 (C-2) and 162.2 (C-3) ( Figure 2 ).
The same metabolites have also been reported previously as biotransformation products of isophorone by Aspergillus niger [6] . All the spectral data obtained in this study are in good agreement with the literature values. The detailed HMBC and HMQC data were reported in this present study for the first time.
Antimicrobial activity tests showed no substantial activity when compared with the antibacterial agents penicillin, tetracyclin, vancomycin and the antifungal agent amphotericin B. The antibacterial activities of isophorone, together with the metabolites, and observed MICs are given in Tables 1 and 2, respectively. No antifungal effects were observed at the tested concentrations (>250 µg/mL) against the tested fungal strains.
In conclusion, the mono-hydroxylated isophorone derivatives were more active than isophorone and showed good inhibitory action against A. baumanii, P. vulgaris and S. typhimirum. However, other pathogenic microorganisms need to be evaluated. In vitro antimicrobial activity: The antibacterial and antifungal activities of compounds were studied by using the agar diffusion method, according to the National Committee for Clinical Laboratory Standards [7a,b] . Penicillin (Bioanalyse), tetracyclin (Bioanalyse) and vancomycin (Sigma-Aldrich, V2002) were used as standard antibacterial agents, whereas amphotericin B (Sigma A-9528) was used as a standard antifungal agent.
Agar diffusion method:
The experiment was performed using the method of the National Committee for Clinical Laboratory Standards (Clinical and Laboratory Standards Institute), with some modification [7a,c] .
Minimal inhibitory concentration (MIC):
The minimal inhibition concentration (MIC) of the compounds was determined by the microdilution method using a 96 well plate, according to NCCLS [7a,b] .
General culture conditions:
The cultures were maintained and precultured on potato dextrose agar (PDA) slants at 5 o C and 25 o C, respectively. The slants were prepared as described previously [8a,b] .
Isophorone biotransformation by A. alternata and N. crassa Natural Product Communications Vol. 8 (1) 2013 61 A medium for growing N. crassa was prepared by mixing glucose (15 g), potassium dihydrogen phosphate (1 g), saccharose (15 g), polypeptone (5 g), potassium chloride (500 mg), magnesium sulfate (500 mg) and iron (II) sulfate (10 mg) in distilled water (1 L), whilst A. alternata was grown on a shake culture containing a medium comprising (per L) glucose (20 g), polypeptone (5 g), yeast extract (5 g), sodium chloride (5 g) and disodium hydrogen phosphate (5 g). Isophorone (1 mL) (Fluka, 59190) in acetone (4 mL) was added after 2 days growth and the fermentations were continued for a further 10 days. The mycelium was removed by filtration and the broth acidified with dilute HCl (pH=2) to hydrolyze metabolites from enzymes and extracted with ethyl acetate (3x 1L). The extract was dried and the solvent evaporated to give a residue that was chromatographed on silica with increasing concentrations of ethyl acetate in light petroleum.
Biotransformation of isophorone by N. crassa and A. alternata:
The first metabolite, 4α-hydroxy-isophorone, was eluted with 15% (v/v) ethyl acetate in light petroleum (60-80°C) as an oily compound.
4α-Hydroxy isophorone
[α] D : -29.616 (c 54.7, EtOAc The second metabolite, 7-hydroxy-isophorone was eluted with 20% (v/v) ethyl acetate in light petroleum (60-80°C) as an oily compound.
7-Hydroxy isophorone
[α] D : -43.859 (c 11.4, EtOAc 
